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Received 8 September 2014; revised 15 September 2014; accepted 7 October 2014AbstractObjective: To study central functional network connections and their alterations in tinnitus patients using fMRI.
Methods: Regional homogeneity (ReHo) values on fMRI were obtained from 18 tinnitus patients and 20 age and gender-matched control
subjects. ReHo values were compared between tinnitus patients and control subjects to evaluate functional network connection differences.
Results: Tinnitus patients showed increased ReHo values in gyrus frontalis inferior and decreased ReHo values in the anterior lobe of cerebellum
in comparison with the controls. Analysis of functional network connection from the gyrus frontalis interior shows stronger connections to the
middle brain (FWE, P < 0.001) and right ventral striatum (FEW, P < 0.05, small volume correction).
Conclusions: The fMRI results indicate that both auditory and non-auditory centers play important roles in tinnitus. Functional connections
among the auditory cortex, thalamus, medial temporal gyrus, parahippocampal gyrus and insula may be an underlying cause for the development
of tinnitus.
Copyright © 2015, PLA General Hospital Department of Otolaryngology Head and Neck Surgery. Production and hosting by Elsevier
(Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Severity of tinnitus; THI; fMRI; ReHo value; Functional connectionsResting state fMRI is a technique to measure low frequency
signals based on blood oxygen levels in functional brain areas.
Analyzing regional homogeneity (ReHo), amplitude of low fre-
quency fluctuation (ALFF), Voxel-based morphometry (VBM)
and functional network in regions of interest provides a way to
understand cerebral functional status and functional connections
among brain areas under resting conditions in both patients and
normal subjects. ReHo represents the synchronization of spon-
taneous neuronal activities among an individual voxel and sur-
rounding voxels, which indicates the variability in local (not
overall) brain activities. Compared to task-associated fMRI,
analysis of homogeneity of resting state spontaneous activities
among brain regions reveals more information regarding func-
tionally and structurally connected neural circuitries, whereas* Corresponding author.
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Ltd. This is an open access article under the CC BY-NC-ND license (http://creativtask-associated brain activation shows only the particular brain
structure participating in the specific cognition (Xiong et al.,
1999). Studying functional network connection is important in
understanding the role of connection between brain functional
regions in pathogenic mechanisms leading to diseases. Raichle
et al. has proposed a hypothesis of default mode network in the
human brain in a resting state, which they believe is of important
significance in understanding resting state cerebral functions
(Raichle et al., 2001). Greicius et al. found strong resting state
BOLD signals from areas including the cingulate, ventral ante-
rior cingulate, inferior parietal lobule andmedial prefrontal lobe,
with significant functional connection among spontaneous ac-
tivities in these regions in the form of a functional network,
supporting the existence of a default mode network (Greicius
et al., 2003). From these studies, functional network connec-
tion is now considered important to cerebral neural functions and
widely used in studying neuropsychiatric diseases, and has hel-
ped advance our understanding of the roles functional connec-
tions amongcerebral regions play in the pathogenesis of diseases.y Head and Neck Surgery. Production and hosting by Elsevier (Singapore) Pte
ecommons.org/licenses/by-nc-nd/4.0/).
174 H. Yang et al. / Journal of Otology 9 (2014) 173e178Research has shown that resting state fMRI directly reveals
baseline cerebral activities and resting state network connec-
tions among individual cerebral regions (Mazoyer et al.,
2001). Spontaneous network-related cerebral mapping is a
valuable tool in knowing cerebral functional status from a
clinical point of view. Resting state fMRI is now frequently
used in sleep disorders studies and anesthesia and in studying
neurological diseases such as Alzheimer's disease, depression,
cognition disorders and auditory hallucination (Binder et al.,
1999; Ozturan and Oysu, 1999). There has been no report of
studies on resting state cerebral functional connection changes
in tinnitus patients in China. The current study attempts to
explore central neural mechanisms in tinnitus using non-
invasive cerebral function and neural imaging study tech-
niques to show changes in resting state functional network
connection in tinnitus patients and hopefully explain why
tinnitus severity is not necessarily linked to its psychoacoustic
features and why tinnitus is often complicated with emotional
and sleep difficulties and other negative cognition changes.
1. Study subjects
Eighteen patients (14 males and 4 females, aged 14e65
years with a mean age of 43 years) with subjective tinnitus
(duration: 0.3e120 months, mean ¼ 16.8 months) were
included in the study. Tinnitus pitch was from 250 to 8000 Hz
(mean ¼ 4556 Hz, SD ¼ 2742 Hz), and on left in 7 patients,
right in 6 patients and bilateral in 5 patients. Seventeen pa-
tients were right handed. Average Tinnitus Handicap Inventory
(THI) score was 38.3 and self-rated tinnitus severity on a
0e10 visual analog scale (VAS) was 4.6. Based on the WHO
hearing loss classification criteria, hearing was normal in 3
patients, mild loss in 9 patients, moderate loss in 4 patients,
severe loss in 1 patient and profound loss in 1 patient. MRI
studies ruled out intracranial masses. A group of 20 age and
gender matched healthy subjects (15 males and 5 females,
mean age ¼ 42 years) served as the control. There was no
statistically significant difference between the patient and
control groups in age or gender. Subjects wore noise canceling
earphones during tests to reduce effects of noise on the results.
2. Methods and data analysis2.1. fMRI image data collectionA 3.0T Achieva Philips MRI scanner was used to obtain
image data. For resting state imaging: planar echo sequence
was used to obtain axial scanning of 33 sections
(TR ¼ 2000 ms, TE ¼ 30 ms, thickness ¼ 3 mm, 90 angle,
FOV ¼ 200  200 mm, collection matrix ¼ 64  64). Sub-
jects were instructed to stay alert and relaxed with eyes closed
and no body motion during imaging sessions. A resting state
imaging session lasted 8 min. A total of 240 sessions were
conducted in each subject. Three dimensional T1 weighted
fast gradient echo sequences were used to generate T1
weighted structural images. Sagittal scanning generated 175
structure images (TR ¼ 7.63 ms, TE ¼ 3.74 ms,thickness ¼ 1 mm, 8 angle, FOV ¼ 256  256 mm,
collection matrix ¼ 256  256). The whole brain was scanned.2.2. Preliminary MRI image data processingImage data were processed using the Statistical Parameter
Map (SPM5) software on the MATLAB 7.0 platform, including
format transformation of fMRI image files, time correction,
head movement correction, space normalization, etc. High
frequency physiological noises (breathing, heartbeat, etc) and
DC shits were reduced using a software filter (Resting-State
fMRI Data Analysis Toolkit, REST) (0.01e0.08 Hz).2.3. Regional homogeneity (ReHo) analysisRegional homogeneity was calculated using the REST soft-
ware for each individual subject. The ReHo value was normal-
ized by dividing individual voxel ReHo using the whole brain
average ReHo. Gaussian smoothing along all directions was
used to reduce spatial noises and errors from the spatial
normalization process. The SPM5 software was used for com-
parison between groups. Voxel readings were compared using t-
test and only high values from clusters of at least 10 consecutive
voxels (i.e. P < 0.01, cluster > 10) would be considered statis-
tically significant. Distinct regions revealed by such analysis in
tinnitus patients was used as the seed point for studying func-
tional connections and interactions with cerebral regions of in-
terest to investigate activities in functionally connected regions
and their interactions in relation to the generation of tinnitus.
3. Results3.1. ReHo resultsAs revealed by t-test comparison using the SPM5 software,
ReHo in tinnitus patients was greater than that in control
subjects in bilateral inferior frontal gyri, right medial temporal
gyrus and bilateral postcentral gyri, and lower than that in
control subjects in cerebellar hemispheres (Fig. 1). After FWE
correction, ReHo remained greater in tinnitus patients than in
control subjects in the inferior frontal gyrus (FWE, P < 0.05),
and lower than in control subjects in the anterior cerebellar
lobe (FWE, P < 0.05, cluster level, Fig. 2).3.2. Functional connections from the inferior frontal
gyrus (IFG)Signals of connection were greater in control subjects than
in tinnitus patients in the mid-brain (FWE, P < 0.001) and in
right ventral striatum and left amygdala (FWE, P < 0.05，
small volume correction) (see Fig. 3). Analysis also showed
that areas showing decreased activities in tinnitus patients
demonstrated a positive correlation with the medial temporal
lobe but a negative correlation with the parahippocampus and
insula. It appears that in addition to the auditory centers, the
limbic system and emotional centers also play an important
role in the development of tinnitus.
Fig. 1. ReHo values from t-test comparison using the SPM5 software: Red (inferior temporal gyri) e greater ReHo in tinnitus patients than in control subjects; Blue
(cerebellum) e lower ReHo in tinnitus patients than in control subjects.
Fig. 2. Resting state ReHo values: red (inferior frontal gyrus) e greater values in tinnitus patients than in control subjects (48, 12, 21, Z ¼ 3.64, voxels ¼ 290,
FWE, P < 0.05, cluster level）; blue (anterior cerebellar lobe) e lower values in tinnitus patients than in control subjects (9, -60, 33, Z ¼ 4.36, voxels ¼ 807,
FWE, P < 0.05, cluster level).
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In this study, resting state data analysis was used to
compare distinct activities areas in the brain among tinnitus
patients and their connections in order to obtain objectiveinformation on neural mechanisms in tinnitus. Even in a
resting state with eyes closed, body relaxed and free of motion
to eliminate structural thoughts-related activities, there are still
functional activities in the human brain. With no task in-
structions, it is easier for the subject to cooperate with testers,
Fig. 3. Functional connections using the inferior frontal gyrus (IFG) as the seed point. Red: stronger connection signals in control subjects than in tinnitus patients
in mid brain (upper panel) (6, 18, 15, Z ¼ 3.63, voxels ¼ 71, P < 0.001, uncorrected); and in right ventral striatum (lower panel) (15, 9, 3, Z ¼ 3.30,
voxels ¼ 21, P < 0.05, FEW, Small volume correction).
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while the testing procedure more feasible.
This study shows that tinnitus patients show not only
enhanced brain activities (as in the inferior frontal gyrus,
insula, amygdala, caudate nucleus and medial prefrontal cor-
tex), but also reduced activities in some brain areas (such as in
the thalamus, medial temporal gyrus and anterior cerebellar
lobe), indicating decreased neural excitability in lower brain-
stem and auditory cortices in tinnitus patients as a result of
reduced afferent input, as demonstrated by fMRI. Reduced
auditory afferent signals in tinnitus patients can lead to its
weakened suppression on the limbic system and subsequently
enhanced activities in the insula, amygdala, caudate nucleus,
medial prefrontal cortex, etc. The reduced signals in the
auditory system and enhanced activities in areas associated
with emotions and memories revealed in this study may be the
main cause of a “subjective auditory hallucination e tinnitus”
as well as a series of negative emotions. Because some of the
tinnitus patients in this study showed hearing loss, it is not
clear if the change in brain activities on fMRI in this group of
patients is due to hearing loss. This needs to be ruled out in
future studies by selecting tinnitus patients with normal
hearing to eliminate the influence by hearing loss. Our study
also shows abnormalities in the frontal lobe and cerebellum in
tinnitus patients, suggesting their potentially important roles in
the mechanisms underlying tinnitus. The frontal lobe is an
important brain area that controls emotions and feelings.
Increased activities in the inferior frontal gyrus may be related
to negative experiences such as anxiety, cognitive difficulties
and sleep disturbances commonly seen in tinnitus patients.
Our results indicate that tinnitus involves not only the auditory
system but also non-auditory systems, including the frontallobe, limbic system and cerebellum. These non-auditory areas
are involved in the generation of feelings, memory and emo-
tions in human. Hazell and Jastreboff et al. (1990) and Llano
et al. (2012) believe that cognitive and emotional disorders
seen in tinnitus come from maladaptation in the nervous
system. Cerebral plasticity plays an important role in the
development of severe tinnitus. The brain may treat tinnitus as
a vital signal and hence augment its perception and monitor
any changes associated with tinnitus, which can lead to a
viscous cycle among tinnitus and associated negative emotions
with the associated cortex, limbic system and prefrontal cortex
being closely involved. Our data supports the “Neuropsycho-
logical Model of Tinnitus”, which claims that various levels
along the auditory pathway and non-auditory systems, espe-
cially the limbic system, are key locations of tinnitus devel-
opment that determine the severity of and adverse reactions to
tinnitus (Pavani et al., 2002; Talmadge et al., 1993). The
cingulate is an important part of the limbic system and is
involved in emotions, learning and memory; whereas the
frontal lobe is involved in feelings, emotion processing and
impulse control. The latter regulates behaviors and execution
of tasks as an important component of the default neural
network and is the only cerebral region that interacts with four
sensory inputs. These structures integrate internal information
including feelings and environmental information from
endogenous and exogenous sources (Zald and Kim, 2001).
Kleinjung et al. found that simultaneous stimulation of the
prefrontal lobe improved outcomes of rTMS over the temporal
lobe for tinnitus. Beard et al. proposed frontal lobectomy for
tinnitus, which could reduce tinnitus-related emotional disor-
ders even if it did not eliminate tinnitus. The cerebellum has
always been thought to be a balance center, but recent research
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ebellum, whose plasticity changes may be involved in the
development of chronic tinnitus. Bauer et al. found in a rat
model of noise-induced chronic tinnitus that the cerebellum
might be a non-mandatory but important location of tinnitus
generation. Once the pathological change takes place in the
cerebellum, the signal of tinnitus may be formed (Bauer et al.,
2013). The latest research shows that the cerebellum plays a
critical part in the perception of hearing (Petacchi et al., 2005).
Our data also showed abnormality in the cerebellum in tinnitus
patients.
In studies where the dorsal cochlear nucleus was surgically
destroyed in tinnitus model animals, their behavioral features
associated with tinnitus did not change, suggesting tinnitus
involves not just abnormal spontaneous discharges but also
higher level central reactions including auditory re-
organization and interactions among multiple cortical cen-
ters. Jastreboff et al. proposed that involvement of non-
auditory areas including the limbic system, prefrontal lobe
and autonomic nervous system is important in tinnitus. Other
hypotheses on tinnitus indicate involvement of the NAC and
parahippocampus (Rauschecker et al., 2010) and systems
responsible for cognition, emotions, stress and memory (De
Ridder et al., 2011). In our study, resting state fMRI data
from tinnitus patients were compared to normal controls and
showed distinct activities not only in the auditory structures
(thalamus and temporal lobe) but also in non-auditory systems
(insula, amygdala, caudate nucleus, medial prefrontal lobe,
cerebellum, etc) in tinnitus patients, supporting above
mentioned hypotheses on the pathophysiology of tinnitus.
To take one step further to understanding functional con-
nections among tinnitus-related brain areas, we studied func-
tional connections among regions of interest using areas
showing distinct signals in tinnitus patients as the seed points.
Our results show that areas showing decreased activities in
tinnitus patients demonstrate a positive correlation with the
medial temporal lobe but a negative correlation with the par-
ahippocampus and insula, suggesting that the thalamus may be
a start point for tinnitus, forming a circuitry with the medial
temporal lobe, parahippocampus and insula that plays an
important role in bringing about vicious cycle reactions in
tinnitus. The thalamus is a key area along the afferent path-
ways of multiple sensory inputs, with its subunits controlling
distinct sensory pathways (Smits et al., 2007). It is well
established by research that the thalamus is involved in the
passage of multiple categories of sensory information. The
auditory center receives the auditory input and pass it on to the
hippocampus region. Decreased activities in the thalamus and
their negative correlation with activities in the para-
hippocampus and insula indicate that as the thalamus gets less
active in tinnitus patients, activities increase in the insula and
parahippocampus, which are known to be involved in pro-
cessing memory, anxiety, fear and sadness. This connection
can result in non-auditory symptoms such as anxiety and
emotional disorders. This is also consistent with PET studies
by others which show that tinnitus induced by facial motion is
associated with increased blood flow to the hippocampus(Lockwood et al., 1998). It is worth noting that selective in-
jection of amobarbital into the anterior choroidal artery (sup-
plying hippocampal area) can reduce local activities and
suppress tinnitus (De Ridder et al., 2006).
5. Conclusions
Our resting state fMRI data show that both auditory and
non-auditory centers in tinnitus patients are important in the
development of tinnitus. Abnormal signals are seen not only in
the auditory cortex in tinnitus patients, but also involve a
number of non-auditory centers, especially the limbic system,
frontal lobe and cerebellum.
Functional connection from auditory centers based on
fMRI data indicate connections among the auditory thalamus,
medial temporal gyrus, parahippocampus and insula in tinnitus
patients. Activity signals in the thalamus are correlated posi-
tively to those in the medial temporal gyrus, and negatively to
those in left parahippocampus and insula, suggesting that
decreased activities in the thalamus in tinnitus patients are
associated with less passage of signals to the medial temporal
gyrus and reduced suppression over the parahippocampus and
insula which show increased activities as a result.
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